Microbubbles (MB) are routinely used as contrast agents for ultrasound (US) imaging. We describe different types of targeted and drug-loaded poly(n-butyl cyanoacrylate) (PBCA) MB, and demonstrate their suitability for multiple biomedical applications, including molecular US imaging and US-mediated drug delivery. Molecular imaging of angiogenic tumor blood vessels and inflamed atherosclerotic endothelium is performed by modifying the surface of PBCA MB with peptides and antibodies recognizing E-selectin and VCAM-1. Stable and inertial cavitation of PBCA MB enables sonoporation and permeabilization of blood vessels in tumors and in the brain, which can be employed for direct and indirect drug delivery. Direct drug delivery is based on US-induced release of (model) drug molecules from the MB shell. Indirect drug delivery refers to US-and MB-mediated enhancement of extravasation and penetration of co-administered drugs and drug delivery systems. These findings are in line with recently reported pioneering proof-of-principle studies showing the usefulness of (phospholipid) MB for molecular US imaging and sonoporation-enhanced drug delivery in patients. They aim to exemplify the potential and the broad applicability of combining MB with US to improve disease diagnosis and therapy.
Introduction
Ultrasound (US) imaging is, besides X-ray radiography, the most widespread clinical imaging modality. It combines the advantages of bedside availability and real-time imaging with cost-and timeeffectiveness [1] . MB in the range of 1-10 μm, which consist of a gasor air-filled core stabilized by a lipid-or polymer-based shell, are routinely used as contrast agents for US imaging. In general, imaging of soft-shell lipid-based MB is done using non-destructive US and it is based on their non-linear oscillation upon exposure to low-to medium-intensity US pulses (stable cavitation); on the other hand, destructive pulses (inertial cavitation) and backscattering -which becomes more important at higher US frequencies -are more frequently employed in case of hard-shell polymer-based MB [2] [3] [4] .
Due to their size, which is too large for extravasation, MB can only be employed as intravascular contrast agents, allowing e.g. for the assessment of the perfusion of small vessels, which cannot be properly visualized using contrast agent-free (e.g. Power-Doppler-based) US imaging [5] . This is used in clinical practice for diagnosis, staging and functional characterization of e.g. cardiovascular and hepatic pathologies [6, 7] . Additionally, it can be used to characterize potential cancerous lesions, as angiogenesis is an important step in the transformation to malignancies, and as MB-based functional and molecular US imaging allow for accurate profiling, staging and treatment monitoring [6] [7] [8] . In such setups, the functional aspect of vessel imaging is restricted to the visualization and quantification of blood flow and flow velocity, while at the molecular level, information can be obtained on the (over-) expression of surface receptors, aiding in the more detailed characterization of tumor angiogenesis [9, 11] . Among the surface receptors routinely used in molecular US imaging are classic angiogenic targets, like the vascular endothelial growth factor receptor 2 (VEGFR-2) and α ν β 3 integrins, as well as inflammatory markers, such as the intercellular or vascular cell adhesion molecules ICAM and VCAM, and E-and P-selectins [10] [11] [12] [13] [14] .
Besides for imaging, MB can also be used for drug delivery. The combination of MB and US can -via sonoporation and sonopermeabilization mechanisms -affect the integrity of the vascular lining and of cellular membranes [15] [16] [17] [18] . This temporary perforation and the enhanced endo/transcytosis induced by stable and/or inertial MB cavitation is highly useful for temporally and spatially guiding drug delivery, e.g. to solid tumors or across the blood-brain barrier (BBB) [19] [20] [21] [22] [23] . The exact mechanisms contributing to enhanced drug delivery upon sonoporation are incompletely understood, as are differences in the sonoporation-potential of soft-vs. hard-shell MB, and targeted vs. untargeted MB [24, 25] . When exposed to US, MB rapidly shrink and swell, in line with the applied US frequency, and this results in physical effects such as microstreaming, microjets, ultrasonic shockwaves and MB compression/rarefaction-induced disruption of endothelial linings and cellular membranes [15] [16] [17] [18] 26, 27] . These phenomena can contribute to enhanced extravasation, penetration and cellular uptake of drugs and drug delivery systems [20, 21, [28] [29] [30] .
MB-mediated drug delivery can be subdivided into indirect and direct drug delivery. In case of the former, drugs or drug delivery systems are co-administered with MB and US. In case of direct drug delivery, drug molecules are embedded within the MB shell (or bound, in the form of drug delivery systems, to their surface) and locally released at the pathological site in a temporally and spatially controllable manner [31] [32] [33] . Such externally triggerable drug targeting concepts are increasingly employed, also in patients, as exemplified e.g. by efforts to combine US-mediated hyperthermia with temperature-sensitive liposomes in liver cancer [34] [35] [36] [37] , as well as by recently published pioneering advances showing that sonoporation can be favorably employed in patients with pancreatic cancer and glioblastoma [38, 39] .
With regard to direct drug delivery, one could argue that polymeric MB, because of their much thicker shell (50-150 nm), are advantageous as compared to lipid-based MB (3-5 nm), providing more space for drug loading [40, 41] . Polymeric MB might also allow for more diverse (and tailorable) modes of surface functionalization, via direct and indirect coupling mechanisms. In this manuscript, we exemplify the broad applicability of prototypic poly(n-butyl cyanoacrylate) (PBCA)-based MB for molecular US imaging and drug delivery applications. We extend previously published concepts for targeted US imaging of atherosclerosis and tumor angiogenesis, and for direct and indirect US-mediated drug delivery to tumors and to the brain. These findings exemplify the usefulness of combining MB with US for more efficient disease diagnosis and therapy.
Materials and methods

Synthesis of PBCA-based polymeric microbubbles
PBCA MB were synthesized by adding 3 ml of n-butyl cyanoacrylate (BCA, Special Polymers, Sofia, Bulgaria) dropwise to 300 ml of an aqueous solution containing 1% of Triton X-100 (Sigma Aldrich, Munich, Germany) at pH 2.5. The solution was stirred for 1 h at 10,000 rpm and room temperature, and a suspension of air-filled polydispersed MB was obtained. MB with defined sizes were separated using multiple centrifugation and flotation steps. Additional washing steps were performed to purify the MB dispersion. MB size and concentration were measured with a Beckman Coulter Multisizer 3. Electron microscopy was performed using a Hitachi S4800 FESEM for scanning electron microscopy (SEM) with a Cryo-Gatan unit Alto 2500 at 1 kV and 2 μA. A drop of the aqueous MB suspension was placed on the sample holder and frozen using liquid nitrogen, before insertion into the preparation chamber. A Philips EM400T was used for transmission electron microscopy (TEM). The samples were fixed using 2% agarose and dehydrated with ethanol before embedding in liquid epoxy resin. The resins were cut into 85 nm sections.
Drug loading into the shell of PBCA MB
The loading of (model) drug molecules into the shell of PBCA-based polymeric MB was performed via a one-step or two-step approach. Fluorescent dyes can be employed as model drugs, allowing for simple and straightforward quantification of loading and release, and facilitating in vitro and in vivo evaluation of cellular internalization and target site accumulation. In the one-step approach, 2.5 mg of rhodamine B (AppliChem, Darmstadt, Germany) and/or coumarin 6 (Sigma Aldrich, Munich, Germany) were dissolved in 300 μl H 2 O or dimethylformamide (DMF, Carl Roth, Karlsruhe, Germany), and added at once before the BCA to the polymerization medium during the MB formation process. In the two-step approach, rhodamine B (2.5 mg in 200 μl H 2 O), coumarin 6 (2.5 mg in 200 μl DMF) and/or the near infrared fluorophore 1,1′,3,3,3′,3′ hexamethyl-indotricarbocyanine-iodide (HITC, Sigma Aldrich, Munich, Germany) (10 mg in 100 μl DMSO (Carl Roth, Karlsruhe, Germany)) were post-loaded into the MB shell. Unloaded dye is removed from the MB-solution via several washing steps. MB were allowed to float and the solution underneath was refreshed until no free dye was left. After initially preparing a batch of size-optimized, surface-functionalized and/or actively targeted MB, the model drug solutions were added to 10 ml prepared MB under continuous stirring at room temperature. Measurements of fluorophore-loaded MB were performed using a Leica TCS SP8 X automated inverted confocal and stimulated emission depletion (STED) microscope equipped with a planapochromat 100×/1.40 oil-immersion objective.
Surface functionalization and modification with targeting ligands
MB-shell functionalization was done via the EDC (i.e. N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride, Sigma Aldrich, Munich, Germany) coupling chemistry. The butyl-ester groups of the PBCA side-chains were partly hydrolyzed by increasing the pH to around 10 with NaOH (0.1 M, AppliChem, Darmstadt, Germany) for 15 min. The resulting carboxyl groups were activated by EDC (5 × 10 8 MB, 7.5 mg EDC) and streptavidin (300 μg, ChemImpex, Wood Dale, USA) or the E-selectin binding peptide GGG-IELLQAR (1 mg, Olga Iranzo, Marseille, France) were added to the MB suspension followed by stirring at 4°C overnight. The functionalized MB were purified by several washing steps to remove the unreacted EDC and peptides and size-separated by centrifugation and flotation. Streptavidinlabeled MB (1 × 10 7 ) were further functionalized by coupling to biotinylated antibodies directed against VCAM-1 (5 μg, clone 429, eBioscience, Frankfurt, Germany) and VEGFR-2 (0.75 μg, Abcam, Cambridge, UK).
Ex vivo studies
All in vivo and ex vivo experiments were approved by institutional and governmental ethics boards. Fluorescent rhodamine B-loaded MB targeted against VCAM-1 via antibodies were used in 8-week-old male CD-1 wild-type mice. Endothelial activation (mimicking vascular inflammation) was achieved by intraperitoneal injection of recombinant murine TNF-α (PeproTech, Hamburg, Germany). Carotid arteries were excised 4 h after endothelial activation and mounted in a home-built flow-chamber. After 10 min of infusion with VCAM-1-targeted MB or unmodified control MB (diluted to a final concentration of 10 7 MB/ml in full blood; at a flow rate of 0.25 ml/min), carotid arteries were imaged ex vivo by two-photon laser scanning microscopy using an Olympus FV1000MPE multiphoton microscopy system (Mai Tai DeepSee pulsed Ti:Sapphire laser with 140 fs pulse width at an excitation wavelength of 800 nm) with a 25× water dipping objective.
In vivo studies
To visualize and characterize tumor angiogenesis, E-selectintargeted and non-targeted control MB (1 × 10 7 MB) were i.v. injected in CD1 nude mice bearing subcutaneous A431 human epidermoid cancer xenografts (ATCC CRL-1555; 6 mice per group). Replenishment analysis was used to distinguish between bound and unbound MB. US imaging was performed in the non-linear contrast mode using a VisualSonics Vevo2100 preclinical ultrasound system with a MS250 transducer operating at a frequency of 18 MHz of the tumor xenografts up until 7 min after i.v. injection. Before and after a destructive pulse, the mean contrast intensity in the tumor region was compared. This was done after the replenishment phase, and allows for accurate monitoring of the expression of vascular markers, such as E-selectin. To test the ability of the PBCA MB for direct drug delivery purposes, mice with s.c. CT26 (ATCC CRL-2638) colon carcinoma allografts were injected with coumarin 6-loaded anti-VEGFR-2 antibody-targeted MB. MB were destroyed in the tumor vasculature by multiple destructive US pulses (non-linear contrast mode, Vevo2100, 18 MHz, MI = 1) at 7 min after MB injection, when the majority of the MB fraction in tumors corresponded to vesselassociated US contrast agents. Vessels were stained with i.v. injected rhodamine-labeled lectin at the end of the experiment, and tumor sections were used for histology to image MB-mediated delivery, accumulation and penetration of coumarin 6 in mice with CT26 using fluorescence microscopy. We also evaluated indirect enhancement of drug delivery, via sonoporation of the BBB. This was done in healthy CD1 nude mice, using 8. . Power Doppler US was performed for 5 min at a frequency of 16 MHz over the skull of mice compared to control animals, which only received MB without US. Perfused blood vessels were stained using rhodaminelabeled lectin, enabling simultaneous microscopy imaging of the vasculature and of FITC-dextran extravasation and penetration. Tumors and brain tissue were harvested, mounted, frozen and cut using a Leica CM3050S cryostat. Tissue sections (8 μm) were analyzed using the Carl Zeiss AxioImager M2 microscopy system.
Results and discussion
Preparation and functionalization of PBCA-based polymeric microbubbles
The synthesis of PBCA MB, and representative scanning and transmission electron microscopy images are shown in Fig. 1A . Chemical modification of the shell of PBCA MB allows for functionalization of their surface, which facilitates specific binding of the MB (Fig. 1B) . After partial hydrolysis of the MB shell, surface functionalization was performed via EDC-coupling with streptavidin and subsequent use of biotinylated antibodies, as well as via direct EDC coupling of small oligomeric peptides (Fig. 1C) . The specificity of the targeted MB was initially tested in vitro. To this end, the binding of targeted MB to activated endothelial cells was compared, by means of fluorescent microscopy, to non-targeted MB as well as to targeted MB binding under blocking conditions [42, 43] . Results were confirmed in vivo (see below). Using such setups, multiple antibody-targeted PBCAbased MB have already been shown to hold potential for molecular US imaging [42, [44] [45] [46] .
The straightforward synthesis of PBCA MB leads to MB dispersions with relatively broad size distribution. After 1-3 centrifugation/flotation rounds, a MB population with an acceptable size distribution and with a mean size of~2 μm was isolated ( Fig. 2A) . Optimized centrifugation/flotation protocols furthermore allow for the isolation of MB batches with varying size populations, i.e. 1, 2 and 3 μm in diameter (Fig. 2D) . Afterwards, hydrophilic and hydrophobic model drugs (i.e. rhodamine B, coumarin 6 and HITC) were loaded into the shell of PBCA MB (Fig. 2B-C) . Successful co-loading of rhodamine B and coumarin 6 was also demonstrated (right panel in Fig. 2C ). Cryo-scanning electron microscopy was employed as a means to assess the shell-thickness of PBCA MB. In Fig. 2F -G, MB were destroyed and cryogenically fixed, to visualize the outer and inner structure of the shell. In these SEM analyses, the shellthickness appeared to be in the order of 50 nm. STED microscopy (of intact MB) on the other hand indicated a shell-thickness of 150-200 nm (Fig. 2E) . This difference in shell thickness likely results from the shrinkage of the MB shell during the freezing process required for cryo-SEM. It is anticipated that the results obtained using STED microscopy more accurately reflect the real shell thickness of PBCA MB.
These results exemplify the versatility of PBCA MB for targeting and shell loading, and they demonstrate that they can be easily synthesized and customized for purposes ranging from molecular imaging to drug delivery.
PBCA MB for molecular imaging in angiology
We developed VCAM-1-targeted MB by coupling anti-VCAM-1 antibodies to the shell of rhodamine B-loaded PBCA MB via biotinstreptavidin linkages. VCAM-1 is known to be overexpressed on endothelial cells affected by inflammatory stimuli, e.g. in case of atherosclerosis. This is schematically depicted in Fig. 3A . In line with this, Fig. 3B shows the ex vivo binding of VCAM-1-targeted PBCA MB to the inflamed endothelial lining of TNF-α-activated carotid arteries by 3D two-photon laser scanning microscopy (3D-TPLSM) in comparison to non-targeted MB. These ex vivo flow-chamber results are in line with the in vivo data previously reported by Curaj et al., who showed that VCAM-1-targeted MB are useful for longitudinally monitoring vascular healing after arterial injury [47] . They longitudinally examined carotid arteries of ApoE deficient mice under high fat diet in vivo and ex vivo by VCAM-1-targeted CEUS and 3D-TPLSM after wire-injury. The VCAM-1-specific PBCA MB showed accumulation at the injured site and variation of enhancement in the course of regeneration, with a peak after 3 days.
A related target for molecular US imaging of atherosclerosis is ICAM-1. In a similar flow-chamber setup, TNF-α induced arterial inflammation resulted in the retention of ICAM-1-targeted MB in the carotid artery. This was analyzed ex vivo both by US imaging and by microscopy, and findings were validated in vivo. With this approach, Wu and colleagues earlier already showed specific lesionretention of ICAM-1-targeted MB, even under high (arterial) shear stress conditions, making this molecular US imaging approach potentially useful for differentiating between stable and vulnerable atherosclerotic plaques [48] . Similarly, Rix and colleagues recently tested α v β 3 integrin-targeted MB after vascular injury in pigs. In this study, employing MB modified with cyclic RGD peptide as a targeting moiety, it was found that α v β 3 integrin-targeted MB bind to endoarterial balloon injury sites, with a peak in integrin expression and MB binding after 1 week, and normalization back to baseline levels after 3 months [49] .
The usefulness of antibody-targeted PBCA MB was also evaluated in neuroinflammation. ICAM-1 and VCAM-1 targeting was realized by coupling the respective biotinylated antibodies to streptavidin-coated MB. Contrast-enhanced US detected specific localization of these MB in vivo and ex vivo in the brain and spinal cord of rats with adoptive transfer experimental autoimmune encephalomyelitis; responses to anti-inflammatory corticosteroid therapy could also be assessed, as the accumulation of ICAM-1-targeted MB decreased upon drug treatment [50, 51] .
Together, these findings show that PBCA MB represent a versatile platform for molecular imaging of vascular injury and inflammation in angiology, addressing endothelial biomarkers such as VCAM-1, ICAM-1 and α v β 3 integrins.
PBCA MB for molecular imaging in oncology
Antibody-and peptide-targeted MB also hold potential for molecular US imaging in oncology (Fig. 3C) . To extend efforts in this direction, we coupled the IELLQAR peptide to the MB to target E-selectin, which is a marker for angiogenesis and which is known to be overexpressed during tumor progression. In A431 squamous cell carcinoma xenografts, these MB showed specific accumulation: when comparing pre-and post-MB US images, clear enhancements in signal intensity were observed (Fig. 3D) . The difference in signal intensity represents MB bound to the vascular wall, and is a measure for angiogenic marker expression. These findings in A431 tumors confirm previously published findings with E-selectin-targeted MB in MLS human ovarian cancer xenografts [46] . Spivak et al. used the same E-selectin-targeted MB to assess the impact of MB dosing. A dose of 7 × 10 7 MB/kg body weight was found to be sufficient to detect E-selectin expression in tumors and to monitor the effect of antiangiogenic therapy [52] .
Another prominent target for molecular US imaging in oncology is VEGFR-2. Fokong and colleagues developed VEGFR-2-targeted PBCA MB by biotin/streptavidin-based antibody coupling, and showed specific accumulation and molecular US imaging in subcutaneous CT26 colon carcinoma xenografts in mice [53] . Along the same line of thinking, Palmowski et al. used VEGFR-2-targeted PBCA MB, and also α v β 3 integrin-and ICAM-1-targeted MB, for specific CEUS imaging and for the evaluation of changes in angiogenic biomarkers during anti-matrix-metalloproteinase therapy [54] . Moreover, in a syngeneic rat prostate carcinoma model, they observed specific accumulation of ICAM-1-and α v β 3 -integrin-targeted MB, and an increase in both biomarkers upon heavy-ion radiotherapy (as opposed to a decrease in vessel density and vascular perfusion; which was found using functional US imaging) [55] .
These preclinical examples illustrate the utility of targeted PBCA MB for molecular imaging and treatment monitoring of tumors. Relevant endothelial markers like VEGFR-2, E-selectin, ICAM-1, VCAM-1 and α v β 3 -integrin can be specifically addressed via modifying the surface of PBCA MB with antibodies and peptides. The clinical evaluation of such targeted US contrast agents has recently been initiated, albeit with phospholipid-based MB, looking e.g. at the expression levels of VEGFR-2 in prostate cancer patients [56, 57] .
PBCA MB for indirect drug delivery
Indirect drug delivery refers to sonoporation, which can assist in the permeation of endothelial linings and/or cell membranes. We analyzed the accumulation of the 70 kDa (10 nm) macromolecular model drug FITC-dextran in brain tissue after co-injection with PBCA MB and US treatment, and compared it with the accumulation and penetration of FITC-dextran in non-sonicated controls (Fig. 4A-B) . Fluorescence microscopy showed high accumulation of the FITC-dextran around blood vessels in the brains of mice receiving MB and US treatment. No signal of extravasated FITC-dextran was visible in the brains of mice which were injected with MB but not treated by US, exemplifying successful indirect drug delivery across the BBB and to the brain upon sonoporation [58] .
We mirrored these experiments in solid tumors, looking at the accumulation and penetration of 100 nm-sized fluorophore-labeled PEGylated liposomes in tumor models with low baseline levels of enhanced permeability and retention (EPR), i.e. highly cellularly dense A431 epidermoid xenografts and highly stromal BxPC3 pancreatic xenografts [59] . We compared PBCA-based polymeric MB to phospholipid-based MB, but did not observe obvious differences. It is worth mentioning, however, that the sonoporation protocols (dosing of MB and US, US setting, timing, etc. ) have not yet been optimized to allow for accurate/detailed assessment of differences in sonoporation potential. Another interesting question is whether vascular targeting (e.g. using antibodies or peptides targeted to VEGFR-2 or E-selectin) enhances the efficacy of sonoporation. As sonoporation potential likely directly depends on the distance of oscillating/destroyed MB to the endothelial lining, targeting may allow for more efficient (and safe; in case of the brain) sonoporation. Finally, it has to be mentioned in this context that MB-and US-mediated indirect drug delivery has recently been performed in patients, albeit with phospholipid-based MB. These pioneering studies have shown that prolonged survival times can be obtained in pancreatic cancer patients treated with gemcitabine upon combining it with sonoporation [38, 56, 57] . A first trial in glioblastoma patients, treated with doxorubicin in combination with sonoporation has also recently started, and the outcomes of this study are eagerly awaited [39] .
Together, these efforts exemplify the potential of combining MB with US to induce sonoporation of blood vessels at pathological sites, promoting the targeted delivery of drugs and drug delivery systems to tumors and to the brain.
PBCA MB for direct drug delivery
Direct drug delivery refers to the use of MB containing drug molecules within their shell, and to their temporally and spatially controlled release upon exposure to US (Fig. 4C) . To provide initial proof-ofprinciple for direct drug delivery using PBCA-based MB, the fluorophores coumarin 6 (as a hydrophobic model drug) and rhodamine B (as a hydrophilic model drug) were encapsulated into the MB shell [53] . These MB were targeted to VEGFR-2 and their targetspecific accumulation was confirmed in subcutaneous CT26 colon carcinoma tumors. For the evaluation of direct (model) drug delivery to tumors, 2D fluorescence microscopy was employed. As hypothesized, and as shown in Fig. 4D (upper panel) , the US-mediated destruction of PBCA MB in tumors resulted in efficient accumulation and penetration of the hydrophobic model drug coumarin 6. No accumulation was observed in control tumors, which were not exposed to US (lower panel). In a similar setup, Wheatley and colleagues used polylactic acid (PLA)-based MB for direct drug delivery of doxorubicin and paclitaxel to tumors. In the VX2 liver tumor model in New Zealand rabbits, nontargeted doxorubicin-loaded PLA MB were locally destroyed by US at the tumorous site during circulation.
14 C-labeling of doxorubicin enabled assessment of the target site accumulation of the drug. In comparison to non-sonicated tumors, significantly enhanced levels of doxorubicin were found in tumor tissue [60] . Extending these findings, in the Morris rat hepatocellular carcinoma model, doxorubicin-loaded MB induced tumor growth inhibition upon US-mediated MB destruction at the pathological site [61] . PLA MB loaded with paclitaxel have also been developed and employed. In in vitro model systems, based on the human breast cancer cell lines MDA-MB-231 and MCF7, these MB induced significantly more cell death when combined with US than when no US was applied [63] .
In an alternative approach for MB-mediated direct drug delivery, pioneered (and patented) by scientists at SINTEF in Norway, the polymeric MB shell is composed of model drug-loaded PBCA nanoparticles (NP). Upon sonication, these MB disintegrate into 100-200 nm-sized nanoparticles, which can be deposited across sonoporated endothelium. Using these PBCA NP-stabilized MB, temporally and spatially controlled disruption of the BBB has already been demonstrated, as exemplified by the detection of Nile Red-loaded PBCA NP in the brain, as well as by the accumulation of the co-injected gadolinium-based MRI contrast agent Omniscan TM in sonicated regions [62] . Using the same setup, PBCA NP delivery to and into prostate adenocarcinoma xenografts upon US exposure has also already been demonstrated, as evidence by fluorescence microscopy detection [64] . These findings show that PBCA-based polymeric MB hold potential for direct drug delivery to tumors and to the brain, with drug molecules either embedded into the MB shell, or into NP constituting the MB shell, allowing for US-controlled delivery to pathological sites.
Conclusion
We demonstrate the broad applicability of PBCA-based polymeric MB for molecular imaging and drug delivery. Evidence is provided showing that (model) drug molecules can be efficiently loaded into the shell of PBCA MB. In addition, VCAM-1-targeting of inflamed blood vessels is shown in ex vivo flow chambers, and the feasibility of Eselectin-specific MB imaging of tumor angiogenesis is confirmed in A431 tumors. Furthermore, MB-and US-mediated sonoporation is demonstrated to result in BBB opening and in the accumulation of the macromolecular model drug FITC-dextran in the brain. Finally, we show that shell-incorporated model drugs can be efficiently shuttled across the vascular wall in CT26 tumors. These results exemplify the usefulness of PBCA MB for molecular US imaging of atherosclerosis and tumor angiogenesis. They also indicate that sonoporation-enhanced direct and indirect drug delivery to tumors and to the brain may contribute to more efficient disease treatment. Together, the findings summarized in this study illustrate the potential and the broad applicability of PBCAbased polymeric MB.
